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Abstract
It was recently proposed that bactericidal antibiotics, besides through specific drug-target
interactions, kill bacteria by a common mechanism involving the production of reactive oxy-
gen species (ROS). However, this mechanism involving the production of hydroxyl radicals
has become the subject of a lot of debate. Since the contribution of ROS to antibiotic medi-
ated killing most likely depends on the conditions, differences in experimental procedures
are expected to be at the basis of the conflicting results. In the present study different meth-
ods (ROS specific stainings, gene-expression analyses, electron paramagnetic resonance,
genetic and phenotypic experiments, detection of protein carbonylation and DNA oxidation)
to measure the production of ROS upon antibiotic treatment in Burkholderia cepacia com-
plex (Bcc) bacteria were compared. Different classes of antibiotics (tobramycin, ciprofloxa-
cin, meropenem) were included, and both planktonic and biofilm cultures were studied. Our
results indicate that some of the methods investigated were not sensitive enough to mea-
sure antibiotic induced production of ROS, including the spectrophotometric detection of
protein carbonylation. Secondly, other methods were found to be useful only in specific con-
ditions. For example, an increase in the expression of OxyR was measured in Burkholderia
cenocepacia K56-2 after treatment with ciprofloxacin or meropenem (both in biofilms and
planktonic cultures) but not after treatment with tobramycin. In addition results vary with the
experimental conditions and the species tested. Nevertheless our data strongly suggest
that ROS contribute to antibiotic mediated killing in Bcc species and that enhancing ROS
production or interfering with the protection against ROS may form a novel strategy to
improve antibiotic treatment.
Introduction
A natural side effect of aerobic respiration is the production of reactive oxygen species (ROS)
[1]. These ROS are generated via successive single-electron reductions and can damage DNA,
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proteins and lipids, ultimately leading to cell death. To protect themselves against the deleteri-
ous effects of ROS, aerobic bacteria are equipped with enzymes (catalases and superoxide
dismutases) that can detoxify ROS and regulatory mechanisms (SoxRS, OxyRS, and SOS regu-
lons) to counter the damage [2]. Interestingly, in 2007 Kohanski et al. identified a common
mechanism involving the production of hydroxyl radicals by which all bactericidal antibiotics
could induce cell death [3]. Currently, a mechanism is proposed in which bacterial membrane
disturbance triggers envelope stress and subsequent perturbation of the Arc regulatory system
accelerates respiration [4]. Hyperactivation of the electron transport chain induces the forma-
tion of superoxide and hydrogen peroxide which damage iron-sulphur clusters, thereby releas-
ing ferrous iron. This iron can then react with hydrogen peroxide in the Fenton reaction and
generate hydroxyl radicals which can directly damage DNA, lipids and proteins or oxidize the
deoxynucleotide pool and indirectly damage DNA. However, this theory has recently become
the subject of much debate [5–8]. A major point of criticism is the use of hydroxyphenyl fluo-
rescein as a stain to demonstrate ROS production [9], although various studies have used other
direct (chemiluminescence, electron paramagnetic resonance (EPR)) or indirect methods
(quantification of protein carbonylation or expression of proteins involved in antioxidant strat-
egies) to confirm production of ROS [10–12]. Moreover, it was found that protection against
ROS has a positive effect on bacterial cell survival not only after treatment with oxidizing
agents but also after treatment with antibiotics [2, 13]. Most studies investigating the contribu-
tion of ROS in antibiotic-mediated killing have focused on planktonic cultures, but cells in a
biofilm may respond differently. For example, for Pseudomonas aeruginosa biofilms higher
bactericidal concentrations were needed to induce ROS production compared to planktonic
cultures [14], and it has been shown that ciprofloxacin only induces oxidative stress in plank-
tonic Proteus mirabilis cells but not in biofilms [15]. ROS production most likely contributes to
antibiotic-mediated killing, but the extent depends on the specific conditions [16, 17]. Hence,
differences in experimental procedures could be at the basis of the conflicting results reported
in literature.
Burkholderia cepacia complex (Bcc) bacteria are opportunistic pathogens that can cause
severe lung infections in immunocompromised people, including patients with cystic fibrosis
(CF) [18]. Infections with Bcc bacteria are often difficult to treat due to resistance to many anti-
biotics. Moreover results from our group indicate that most Bcc biofilms contain a significant
fraction of persister cells that can survive treatment with high doses of antibiotics [19]. In cells
surviving treatment with high concentrations of tobramycin (4 x MIC), several genes encoding
proteins involved in the generation of ROS, including enzymes of the tricarboxylic acid cycle
or the electron transport chain were downregulated suggesting that in these surviving cells the
production of ROS is lowered.
In the present study direct and indirect methods to measure the production of ROS in Bcc
bacteria upon exposure to antibiotics were compared. Both planktonic and biofilm cultures
were studied and antibiotics belonging to different classes (tobramycin, ciprofloxacin, merope-
nem) were included.
Material and Methods
Strains and culture conditions
The strains used in this study are listed in Table 1. Strains were cultured at 37°C on Luria-Ber-
tani agar (LBA, Oxoid, Hampshire, UK). Overnight cultures were diluted in Luria-Bertani
broth (LBB, Oxoid) and incubated aerobically at 37°C. B. cenocepacia K56-2 containing an
oxyR::lux promoter fusion was grown on LBA supplemented with 100 μg/ml trimethoprim
(Tp) (Ludeco, Brussels, Belgium) or in LBB supplemented with 100 μg/ml Tp [20, 21].
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Determination of the Minimal Inhibitory Concentration (MIC)
MICs were determined in duplicate according to the EUCAST broth microdilution protocol
using flat-bottom 96-well microtiter plates (TPP, Trasadingen, Switzerland) [24]. Tobramycin
(Sigma-Aldrich) concentrations tested ranged from 0.25 to 1024 μg/ml, ciprofloxacin (Sigma-
Aldrich) and meropenem (Astrazeneca, The Netherlands) concentrations from 0.25 to 128 μg/
ml. Mannitol (Sigma-Aldrich) concentrations tested ranged from 0.4 to 200 mM, glutathione
(Sigma-Aldrich), cysteine concentrations (Sigma-Aldrich) from 0.002 to 1%, and DMSO
(Sigma-Aldrich) concentrations from 0.008 to 4%. The pH of the antioxidant solutions was
adjusted to 7.4. Solutions were freshly prepared and filter sterilized. The MIC was defined as
the lowest concentration for which no significant difference in optical density (λ = 590 nm)
was observed between the inoculated and blank wells after 24 h of incubation. All MIC deter-
minations were performed in duplicate. Results obtained in replicate experiments never dif-
fered more than two fold; when a twofold difference was observed between replicates, the
lowest concentration was recorded as the MIC.
Planktonic growth
For the planktonic experiments an overnight culture was diluted to an optical density of 0.1
(approximately 108 cells/ml). After an additional 24 h of growth in a shaking warm water bath
cell suspensions with an optical density of 1 (approximately 109 cells/ml) were transferred to
falcon tubes and centrifuged for 9 min at 3634 rcf. Cells were resuspended in fresh medium or
antibiotic solutions and further incubated at 37°C.
Biofilm formation
Biofilms were grown as described previously [19]. Briefly, 100 μl of an overnight culture con-
taining approximately 5 x 107 CFU/ml was added to the wells of a round-bottomed 96-well
microtiter plate (TPP) or for fluorescence or luminescence measurement, a flat-bottomed
black 96-well microtiter plate (Perkin Elmer). Following 4 h of adhesion, the supernatant was
removed and the plates were rinsed with physiological saline (0.9% w/v NaCl) (PS). Subse-
quently, 100 μl of fresh LBB was added and the plates were further incubated at 37°C. After 24
h, the supernatant was removed and fresh medium or an antibiotic solution was added. At
least 6 wells were included per condition. Plates were further incubated at 37°C.
Table 1. Strains used in this study.
Strain Strain info Source (reference)
B. cenocepacia
J2315 (LMG16656) CF patient, UK BCCM/LMG Bacteria Collection
K56-2 (LMG18863) CF patient, Canada BCCM/LMG Bacteria Collection
oxyR K56-2PoxyR::pGSVTp-luxCDABE,Tp
r Prof. Valvano [21]
C5424 (LMG18827) CF patient, Canada Prof. Valvano [22]
MDL2 C5424 ΔkatB Prof. Valvano [22]
Triple quorum sensing deletion mutant J2315 ΔcepIΔcciIΔBCAM0581 Prof. Riccardi [23]
B. cepacia LMG1222 Allium cepa, US BCCM/LMG Bacteria Collection
B.multivorans LMG13010 CF patient, Belgium BCCM/LMG Bacteria Collection
B. vietnamiensis LMG10929 Rice, soil, Vietnam BCCM/LMG Bacteria Collection
B.metallica LMG24068 CF patient, US BCCM/LMG Bacteria Collection
Tpr, trimethoprim resistance.
doi:10.1371/journal.pone.0159837.t001
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Fluorometric determination of ROS
To measure differences in ROS production between treated and untreated cultures, 24 h old
biofilms or planktonic cultures were exposed to 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA) or hydroxylphenyl fluorescein (HPF) in a final concentration of 10 μM and
5 μM, respectively, in LBB. After 45 min of incubation protected from light cells were washed
with PBS and treated with H2O2, tobramycin (Tob), ciprofloxacin (Cip), meropenem (Mer) or
pH-matched phosphate buffered saline (PBS) (= untreated control solution with the same pH
as the antibiotic solution). When cultures were treated with H2O2 concentrations up to 3%
were used and cells were treated for 30 min. The antibiotic concentrations ranged from 0.25 x
MIC to 16 x MIC and cells were treated up to 24 h. Fluorescence (λ excitation = 485 nm, λ
emission = 535 nm) was measured using an Envision plate reader. Autofluorescence of bacte-
rial cells incubated without the probe and background fluorescence of the buffer solutions
was measured and taken into account when calculating the net fluorescence. 3–6 wells were
included per condition and each experiment was repeated twice (n = 3 x 3 or 6).
Measuring the expression of OxyR
To measure the expression of OxyR, a marker of oxidative stress, B. cenocepacia K56-2 carry-
ing an oxyR::lux promoter fusion was used [21]. Biofilms were grown in black microtiter
plates in LBB supplemented with 100 μg/ml Tp. After 24 h of growth the supernatant was
removed and cells were treated with Tob (2xMIC), Cip (4xMIC), Mer (4xMIC), H2O2
(0.03%) or LBB (control). For the planktonic experiments 24 h old cultures with an optical
density of 0.5 were transferred to falcon tubes and centrifuged for 9 min 3634 rcf. Cells were
resuspended in an antibiotic solution in LBB and transferred to the wells of a black 96-well
microtiter plate (200 μl per well). Luminescence was measured over time using an Envision
microtiter plate reader. Six wells were included per condition and each experiment was
repeated twice (n = 3 x 6).
EPR
Planktonic cultures of B. cenocepacia K56-2 were grown as described above. After 24 h of
growth cultures were treated with Tob (4 x MIC), Cip (4 x MIC), Mer (4 x MIC) or PBS (con-
trol). 30 min before the designated time points, samples were taken and mixed (1:1) with a
superoxide-specific spin probe solution containing 10 mM 1-Hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramethylpyrrolidine (CMH) (Noxygen Science Transfer & Diagnostics GMBH, Ger-
many) dissolved in Krebs-Hensleit buffer (Noxygen Science Transfer & Diagnostics GMBH,
Germany). Each sample was incubated for an additional 30 minutes at 37°C, allowing superox-
ide to react with the probe. 60 μL of this solution was subsequently loaded into a quartz capil-
lary, which was placed in the resonator cavity of the EPR spectrometer. The spectra were
collected at a constant room temperature of 25°C at a center field of 3350 G with a sweep of
100 G on a MS 200 spectrometer (Magnettech, Germany). Resulting spectra were recorded and
analyzed as described previously [25] using the software package Analysis 2.02 (Magnettech,
Germany) (n = 4 x 2). Solutions of Tob, Cip and Mer in PBS and 100% PBS in the absence of
bacteria were included as controls.
Effect of the addition of antioxidants on metabolism of B. cenocepacia
K56-2 biofilms
To determine whether the antioxidants had an influence on metabolism, biofilms were grown
as described above. After 24 h, the supernatant was removed, and 100 μl of an antioxidant
The Role of Reactive Oxygen Species in Antibiotic-Induced Cell Death
PLOS ONE | DOI:10.1371/journal.pone.0159837 July 20, 2016 4 / 20
solution in PS was added to the wells. After 30 min incubation at 37°C the supernatant was
removed and 120 μl of a commercially available resazurin solution (CellTiter-Blue, Promega,
Madison, WI, USA) was added to all wells. Fluorescence (λ excitation = 560 nm, λ emis-
sion = 590 nm) was measured after 2 h of incubation. Twelve wells were included per
condition.
Effect of the addition of antioxidants on survival of B. cenocepacia K56-2
biofilms and planktonic cultures
To determine the effect of adding antioxidants to an antibiotic treatment, antioxidant solutions
in PS were added before treatment. After 30 min of pre-incubation an antibiotic solution in PS
was added and cultures were incubated for an additional 24 h. The antioxidants tested were
glutathione (15 mM), mannitol (100 mM), cysteine (0.25%), PDTC (0.1 mM) and sodium
pyruvate (20 mM). The pH of the antioxidant solutions was adjusted to 7.4. The final antibiotic
concentration was 4 x MIC. After 24 h of treatment, biofilm cells were washed with PS and har-
vested by vortexing and sonication (2 x 5 min) (Branson 3510, Branson Ultrasonics Corp, Dan-
bury, CT). Planktonic cultures were centrifuged (5 min, 3634 rcf) and resuspended in PS. Cells
were quantified by plating on LBA (n 3 for all experiments).
Determination of survival after treatment
To determine the number of surviving cells, 24 h old biofilms and stationary phase planktonic
cultures were exposed to Tob, Cip or Mer in a concentration of 4 x MIC for 24 h [19]. Biofilms
and planktonic cultures were grown as described above. After 30 min, 2 h, 6 h and 24 h of
growth in a biofilm, the supernatant was removed and 120 μl of an antibiotic solution in PS or
120 μl PS (= control) was added and the plates were incubated for an additional 24 h at 37°C.
Twelve wells were included per condition. Cells were harvested by vortexing and sonication (2
x 5 min) (Branson 3510, Branson Ultrasonics Corp, Danbury, CT) and quantified by plating
on LBA (n 3 for all experiments). For the planktonic experiments, stationary phase cultures
with an optical density of 1 were centrifuged and resuspended in PS or an antibiotic solution in
PS. After 30 min, 2 h, 6 h and 24 h of treatment the number of surviving cells was quantified by
plating on LBA (n3 for all experiments).
Detection of protein carbonylation and formation of
8-hydroxydeoxyguanosine
To study whether exposure to antibiotics had an effect on protein carbonylation and formation
of 8-hydroxydeoxyguanosine, planktonic cultures of B. cenocepacia K56-2 (OD = 1) were
treated with Tob (4 x MIC), Cip (4 x MIC), Mer (4 x MIC), H2O2 (3%) or LB (= control). Cells
were treated with H2O2 or antibiotic solutions for 30 min or 24 h, respectively. To measure
protein carbonylation 1 ml of the suspension was transferred to a sterile microcentrigue tube.
The microcentrifuge tubes were centrifuged for 10 minutes at 20817 rcf. The supernatant was
removed, pellets were washed with 50 mM Tris and resuspended in 150 μl lysis buffer (5 mg/10
ml lysozyme, 1 mM EDTA, 10 mM Tris) and 15 μl of a 10% sodium dodecyl sulfate solution.
After 5 minutes at 100°C the microcentrigue tubes were centrifuged for 5 min at 10 621 rcf and
4°C and the supernatant was transferred to a new microcentrifuge tube. Protein concentration
and carbonylation was determined immediately following the extraction using the Bicinchoni-
nic Acid (BCA) kit (Sigma-Aldrich) and the Oxiselect protein carbonyl fluorometric kit (Bio-
Connect, The Netherlands) respectively, according to the manufacturer’s instructions. To
quantify 8-hydroxydeoxyguanosine formation 50 ml of each suspension was centrifuged for 6
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min at 3634 rfc. The resulting pellet was resuspendend in 1 ml PS and transferred to a sterile
microcentrifuge tube. The tubes were centrifuged (10 min, 17 949 rcf) and DNA was extracted
as described previously [26]. Two samples were pooled per condition and the 8-OHdG concen-
tration was determined using the Oxiselect Oxidative DNA damage ELISA kit (Bio-Connect)
according to the manufacturer’s instructions.
Statistical data analysis
Statistical data analysis was performed using SPSS software, version 21 (SPSS, Chicago, IL,
USA). The Shapiro-Wilk test was used to verify the normal distribution of the data. Normally
distributed data were analysed using a one-sample T-test or an independent sample T-test,
whereas non-normally distributed data were analysed using a Wilcoxon signed-rank test or a
Mann-Whitney test. P-values< 0.05 were considered significant.
Results and Discussion
Comparison of different methods to measure the production of ROS
upon antibiotic treatment
To compare different ROS detection methods, both planktonic and biofilm cultures were stud-
ied and antibiotics belonging to different classes (Tob, Cip, Mer) with different killing effects
on Bcc species were included. Tob has the highest bactericidal activity against Bcc bacteria.
After 2 h 96% and 93% of the cells are killed in biofilm or planktonic culture, respectively; after
24 h, we observed a 4–5 log reduction in the number of suriviving cells (S1 Fig). Mer has no sig-
nificant bactericidal effect on Bcc species when grown planktonically (S1 Fig). In biofilm cul-
tures still 23% of the cells are alive after 24 h of treatment. For Cip a 50% reduction is observed
after 2 h and after 24 h 98 and 89% of the cells are killed in biofilms and planktonic cultures,
respectively (S1 Fig).
Detection of ROS using fluorescein based stainings. To determine whether antibiotics
induce the generation of ROS in Bcc species we used two fluorescent reporter dyes, 2’,7’-
dichlorodihydrofluorescein diacetate (H2DCFDA) and hydroxyphenylfluorescein (HPF), to
directly measure ROS production. These dyes have already been used in previous studies, but
their use has recently been the subject of considerable debate [5, 9]. In the present study we
investigated whether they can be used to measure ROS production in Bcc bacteria.
Since Bcc species are highly resistant against antibiotics [27], high concentrations are
needed. However, fluorescein based approaches for ROS quantification are pH sensitive and
such high concentrations of antibiotics have an influence on the pH of the solution. For exam-
ple, a Tob solution of 1024 μg/ml in PBS has a pH of approximately 9. Therefore we first tested
the influence of pH on the fluorescence of H2DCFDA and HPF. Fluorescence of H2DCFDA
and HPF was found to be highly pH dependent (Fig 1), so we decided to use a protocol in
which cultures are first pre-incubated with the dye and are only exposed to the antibiotic after
removal of the dye. This way the results cannot be biased by differences in pH. Another advan-
tage of this approach is that differences in fluorescence cannot be attributed to differences in
uptake of the dye between treated and untreated cells. Antibiotics may disrupt the cytoplasmic
membrane and as suggested by Imlay et al (2015) disruption of the membrane barrier can
affect the amount of the dye that penetrates into cells and can thus influence fluorescence [7].
Next to differences in pH, also differences in autofluorescence have been described in litera-
ture as a confounding factor [9, 28]. Therefore autofluorescence was measured and subtracted
from the total fluorescence values. However, in contrast to what is described in the literature
for exponentially growing E. coli cultures [9, 28], there were no significant differences in
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autofluorescence between the treated and untreated stationary phase planktonic B. cenocepacia
cultures. In biofilms autofluorescence was slightly higher after treatment, but for H2DCFDA
the autofluorescence values were very low compared to the total fluorescence values, indicating
our results are not biased by differences in autofluorescence (Fig 2A). HPF, on the other hand
was not used in further experiments since autofluorescence values were high compared to the
total fluorescence values (Fig 2B).
Using our protocol almost a 2-fold increase in H2DCFDA fluorescence was observed when
biofilms or planktonic cultures were treated with Tob in a concentration of 4 x MIC compared
to untreated cultures (Fig 2A), with more variation between biofilm replicates. As a positive
control biofilms and planktonic cultures were treated with different concentrations of H2O2
(up to 3% = 882.4 mM). For H2O2 a 3- and 5-fold difference between treated and untreated
biofilms and planktonic cultures was observed, but there was no linear relationship between
the increase in fluorescence and the H2O2 concentration tested (S2 Fig).
These results suggest that our method can be used to measure ROS production upon antibi-
otic treatment. To confirm that H2DCFDA can be oxidized by intracellularly produced ROS,
fluorescence was measured in a B. cenocepacia catalase deletion mutant (ΔkatB). Fluorescence
was indeed higher (p< 0.05) in the mutant compared to in the wild type before (2.8 fold) and
after treatment with Tob (2.1 fold) confirming that the dye can be oxidized by intracellularly
produced ROS (S3A Fig). The expression of katB is positively regulated by CepR and similarly
fluorescence was more than two-fold (p< 0.05) higher in a triple quorum sensing mutant
(S3B Fig).
Together, these results suggest that using the appropriate controls, antibiotic-induced ROS
production in the Bcc can be measured using fluorescein based stainings. As variability between
replicates can be quite high, care should be taken when results obtained in different experi-
ments are compared.
The induction of OxyR. Amore specific way to measure ROS is looking at the induction
of oxyR [29]. OxyR is a transcription factor by which a cell senses threatening levels of H2O2.
To measure the induction of OxyR, an oxyR::lux promoter fusion was used [21]. We found that
the addition of 0.03% H2O2 or Cip considerably increased luminescence both in biofilms (Fig
3) and planktonic cultures (S4 Fig). The observed differences were time and concentration
Fig 1. Influence of pH on fluorescence of H2DCFDA and HPF. Error bars represent SEM. Solutions for which fluorescence was
significantly different from fluorescence at pH 7 are indicated with an asterisk, p < 0.05, n = 3.
doi:10.1371/journal.pone.0159837.g001
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dependent, with no effect for very low or high concentrations. A small difference was also
observed after treatment with Mer. While this is a sensitive method some considerations
should be taken in to account. For example, this method cannot be used with aminoglycosides
which inhibit protein synthesis and antibiotic solutions should be prepared in growth medium,
since a functional translational machinery is necessary to produce the lux proteins.
Electron Paramagnetic Resonance. A specific way to directly measure the production of
ROS without the need of functional translation is Electron Paramagnetic Resonance (EPR)
[30]. Since free radicals have short half-lives, EPR is used in combination with spin traps or
spin probes to yield relatively long-lived and detectable radical adducts. In the present study
CMH, a spin probe that quickly reacts with superoxide radicals was used.
Fig 2. Fluorescence generated over time in treated (4 x MIC, up to 13 h) (red circles) and untreated (blue squares) biofilms
(left) and planktonic cultures (right). (A) Cultures incubated with (closed circles and squares) or without (open circles and
squares) H2DCFDA. (B) Cultures incubated with (closed circles and squares) or without (open circles and squares) HPF. Data are
shown of a single representative experiment. Error bars represent SEM (calculated on 3 technical replicates).
doi:10.1371/journal.pone.0159837.g002
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When Tob-treated (30 min) planktonic cultures of B. cenocepacia K56-2 were investigated,
a characteristic spectrum confirming the presence of superoxide radicals was observed (Fig 4).
The amplitude of the signal was higher in cultures treated with Tob than in untreated cultures
(Fig 5) but differences were only significant after 30 min of treatment. It is likely that the ampli-
tude of the signal decreases over time in the Tob treated cultures, because of cells being killed
by the antibiotic (S1 Fig). This observation illustrates the importance of measuring ROS pro-
duction at different time points. For Cip the amplitude of the signal was only higher in treated
cultures (compared to untreated ones) after 180 minutes of treatment (Fig 5) which is in agree-
ment with the increase in luminescence observed 2 h after treatment with Cip using the oxyR::
Lux promoter fusion strain. No significant increase in ROS production was measured after
treatment with Mer for 30 or 180 min.
Fig 3. Luminescence generated over time after treating a B. cenocepacia K56-2 oxyR:lux promoter fusionmutant biofilm with
0.03% H2O2, Cip (4 x MIC), Mer (4 x MIC) or Tob (2 x MIC) (up to 6 h) compared to luminescence in biofilms exposed to LB alone
(blue). Data are shown of a single representative experiment.
doi:10.1371/journal.pone.0159837.g003
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Survival after treatment with antibiotics in combination with antioxidants. An indirect
method to measure ROS production is measuring the influence of adding antioxidants. A
broad range of antioxidants was tested in a concentration well below their MIC (S1 Table). The
pH of the solutions was adjusted to 7.4 and the influence on metabolism was tested. For the
antioxidants included in this study no negative influence on metabolism was observed (S5 Fig),
but generally these antioxidants had a positive influence on survival (Fig 6).
To investigate whether the protective effect of the antioxidants effectively correlates with a
decrease in ROS production, H2DCFDA fluorescence was measured over time after treating
planktonic cultures with Tob or Cip in combination with one of the antioxidants. Generally
there is a good correlation between the influence on fluorescence and survival, with lower ROS
levels correlating with increased survival and vice-versa (Fig 7).
Fig 4. EPR spectrum of the spin probe CMH and superoxide radicals formed in planktonic cultures of B.
cenocepaciaK56-2 treated with Tob (4 x MIC) for 30 min. Data are shown of a single representative
experiment.
doi:10.1371/journal.pone.0159837.g004
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Subsequently, we also investigated whether there is a correlation between the protective
effects of the antioxidants and the expression of OxyR. Biofilms were pre-incubated with one
of the antioxidants and treated with Cip. Luminescence was measured over time for 6 h. Unex-
pectedly, addition of an antioxidant generally did not decrease the expression of OxyR. The
expression of OxyR was only lower compared to with Cip alone when PDTC was added (S6
Fig). Surprisingly, similar results are also observed in combination with H2O2 (S7 Fig) suggest-
ing that quantifying the expression of OxyR cannot be used to measure the effects of antioxi-
dants on ROS production.
So while our initial results suggest that antioxidants increase survival by scavenging ROS,
additional protective mechanisms are likely involved. For example, Goswami et al. (2007)
found that glutathione protects against fluorochinolones and aminoglycosides but that only for
chinolones the protective mechanism involves scavenging of ROS [13]. Similarly, Dhamdhere
et al. (2010) found that in E. coli addition of glutathione also increased the MIC for erythromy-
cin, a bacteriostatic antibiotic, which does not induce oxidative stress, suggesting protection by
glutathione involves more than protection against oxidative damage alone [31].
Measuring oxidative damage. Since elevated intracellular levels of OH can damage
DNA, lipids and proteins, another approach to study the involvement of ROS in antibiotic
mediated killing is measuring ROS induced damage. For example, Wang et al. (2014)
observed that the amount of protein carbonylation was almost 2-fold increased in stationary
E. coli cultures treated with gentamycin [32]. In the present study we measured protein car-
bonylation in B. cenocepacia K56-2 planktonic cultures after treatment with Tob (4 x MIC,
24 h), Cip (4 x MIC, 24 h) or H2O2 (positive control, 3%, 30 min) using a fluorometric
assay. However, no significant differences were observed between antibiotic treated and
untreated samples (S8 Fig). In addition only a 1.5 fold (p > 0.05) increase in carbonylation
Fig 5. EPR determination of radicals formed in treated and untreated (blue) planktonic cultures of B. cenocepacia K56-2.Cultures were
treated with Tob (4 x MIC, 30 min, red), Cip (4 x MIC, 30 min and 180 min, orange) or Mer (4 x MIC, 30 min and 180 min, green). The probe was added
30 min before measurement. Error bars represent SEM. Statistically significant differences are indicated with an asterisk, p < 0.05, n = 4.
doi:10.1371/journal.pone.0159837.g005
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was observed after treatment with H2O2 (S8 Fig), suggesting this method is not sensitive
enough to detect antibiotic induced oxidative damage in Bcc bacteria that are highly resistant
against oxidative stress [33].
A study by Foti et al. (2012) suggested that cell death following ROS-mediated killing is pre-
dominantly caused by specific oxidation of the guanine nucleotide pool [34]. Because of its low
redox potential, guanine is particularly susceptible to oxidation and 8-oxo-deoxyguanine is
potentially mutagenic because of its ability to form base pairs with cytosine and adenine [35].
However, no significant difference was observed in the concentration of 8-hydroxydeoxygua-
nosine after treatment with Tob (4 x MIC), Cip (4 x MIC) or H2O2 (3%).
Overall these results highlight some methodological key issues to be considered when evalu-
ating the contribution of ROS in antibiotic mediated killing. A summary of important aspects
of the different methods is presented in Fig 8.
Fig 6. The fraction of surviving cells after treating biofilms (top) or planktonic cultures (bottom) with Tob or Cip (4 x MIC, 24 h) in
combination with an antioxidant, compared to the fraction surviving cells after treatment with Tob or Cip alone. Error bars represent SEM.
Statistically significant differences are indicated with an asterisk, p < 0.05, n = 3.
doi:10.1371/journal.pone.0159837.g006
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Fig 7. Correlation between fold change in survival and fold change in fluorescence after treatment with Tob or Cip (4 x MIC, 24 h)
in combination with an antioxidant compared to treatment with Tob or Cip alone.
doi:10.1371/journal.pone.0159837.g007
Fig 8. Summary of import aspects of ROS detectionmethods.
doi:10.1371/journal.pone.0159837.g008
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Is ROS involved in antibiotic mediated killing in Bcc species?
In Fig 9 the fluorescence over time is shown in treated and untreated B. cenocepacia K56-2 bio-
film and planktonic cultures after incubation with H2DCFDA. Cultures were treated with Tob
(4 x MIC), Cip (16 x MIC), Mer (16 x MIC) or pH-matched control solutions. In the plank-
tonic cultures fluorescence is higher after treatment with Tob or Cip whereas in biofilms fluo-
rescence is only higher after treatment with Tob. For Mer differences were not statistically
significant (p> 0.05). So an increased ROS production is measured for the antibiotics (Tob
Fig 9. Fluorescence generated over time after treatment with Tob (4 x MIC, up to 20 h) (red), Cip (16 x MIC, up to 20
h) (orange) or Mer (16 x MIC, up to 20 h) (green) in biofilms and planktonicB. cenocepacia K56-2 cultures
compared to fluorescence in pH-matched controls (blue). Cultures were pre-incubated with H2DCFDA and treated
with antibiotics or control solutions with the same pH. Data are shown of a single representative experiment. Error bars
represent SEM (calculated on 3 technical replicates).
doi:10.1371/journal.pone.0159837.g009
The Role of Reactive Oxygen Species in Antibiotic-Induced Cell Death
PLOS ONE | DOI:10.1371/journal.pone.0159837 July 20, 2016 14 / 20
and Cip) that induce cell killing but the results seem highly dependent on the experimental
conditions. ROS production is not only antibiotic dependent, it is also dependent on the time
point at which fluorescence is measured. This is especially the case for biofilms, as only after 20
h a pronounced difference is observed. For Tob also different concentrations were tested (Fig
10). It is noteworthy that we only observed a higher relative increase in ROS production in
treated vs. untreated conditions (~slope of the curves in Figs 9 and 10) in planktonic cultures
treated with a Tob concentration of at least 1xMIC and in biofilms treated with at least 4xMIC.
This difference after treatment with a concentration of 1xMIC between biofilms and plank-
tonic cultures is likely due to the differences in cell killing. After 24 h, there is an additional
10-fold reduction in cells in planktonic cultures compared to biofilms [19]. Additionally there
is inherently more variation between replicates in the biofilm assay, which may explain the
lower fluorescence in the treated cultures compared to in the untreated cultures.
Finally, to investigate whether an increase in fluorescence after treatment is strain depen-
dent, other Bcc strains were tested (Fig 11). Only for B.metallica LMG 24068 a significant
increase in fluorescence was measured after treatment with Tob. Fluorescence was most
increased after treatment with Cip and for B.multivorans LMG 13010 and B. cepacia LMG
1222 fluorescence was also significantly higher after treatment with Mer. Overall these results
suggest that whether or not fluorescence is higher after treatment is not only lifestyle, time and
antibiotic dependent but also strain dependent. This may also explain why no significant differ-
ence in fluorescence was observed between Tob treated and untreated cultures for B. cenocepa-
cia C5424 and the katB deletion strain (S3 Fig).The observed differences between strains are in
agreement with previous studies and further complicate studying the involvement of ROS in
antibiotic mediated killing. Liu et al. (2012) also observed differences among Staphylococcus
aureus strains [36] and Albesa et al. (2004) found that the ROS production was only higher
after treatment with Cip in Staphylococcus aureus, E. coli, and Enterococcus faecalis strains sen-
sitive to it [37]. However, for the Bcc strains tested we could not find a correlation between the
MIC and the production of ROS. Dridi et al. (2015) found that whether or not resistance led to
a decreased ROS production in clinical isolates of Streptococcus pneumoniae differed between
laboratory-derived and naturally-selected antibiotic resistant mutants, suggesting the antibiotic
induced production of ROS is not universal and varies according to the genetic background of
the strains [38].
Using an oxyR:lux promoter fusion we found that OxyR was induced both in biofilms (Fig
3) and planktonic cultures (S3 Fig) of B. cenocepacia K56-2 after treatment with Cip or Mer.
The observed differences were again concentration and time dependent, but for Cip and Mer
in a concentration of 4 times the MIC the increase in luminescence is similar to the one
obtained after treatment with 0.03% H2O2.
The production of ROS upon treating planktonic cells with Tob or Cip was also confirmed
using EPR. After treatment with Tob (4 x MIC) or Cip (4 x MIC) for 30 or 180 min, respec-
tively the amplitude was significantly higher compared to in untreated cells (Fig 5).
Finally, addition of different antioxidants led to a decrease in fluorescence and an increase
in survival (Fig 6). However, there were differences between the different antioxidants and anti-
biotics. While after addition of glutathione or cysteine, survival was significantly higher both in
biofilms and planktonic cultures after treatment with Tob or Cip, for mannitol differences
were significant only after treating biofilms with Tob. For PDTC survival was significantly
higher in combination with Cip but lower in combination with Tob, whereas for sodium pyru-
vate in biofilms survival was higher in combination with Tob but lower in combination with
Cip. In the planktonic cultures differences were not statistically significant (p> 0.05). Ques-
tioning the use of antioxidants to evaluate the involvement of ROS in antibiotic mediated kill-
ing, Imlay (2015) already pointed to the absence of glutathione peroxidase in E. coli [7].
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Glutathione peroxidase catalyses the reaction between glutathione and H2O2 or other perox-
ides and may be necessary to degrade H2O2 or O
2-. The genome of B. cenocepacia K56-2 con-
tains a glutathione peroxidase encoding gene [39] and in B. cenocepacia J2315 (a strain closely
related to B. cenocepacia K56-2) this peroxidase encoding gene was found to be significantly
upregultated (1.6x) after treatment with Tob [19], suggesting involvement in the protection
against Tob.
If ROS is involved in antibiotic mediated killing, mutants lacking protection against oxida-
tive stress are expected to be more sensitive to antibiotics, whereas survival would be increased
in mutants better protected against oxidative stress. In a previous study we already found that
in biofilms formed by a B. cenocepacia C5424 catalase deletion mutant (ΔkatB) almost 40 times
less cells survived treatment with Tob [19]. Similarly in the present study we found survival
after treatment with Cip to be almost 30 times reduced in biofilms formed by the ΔkatBmutant
Fig 10. Fluorescence generated over time in biofilms and planktonicB. cenocepacia K56-2 cultures after treatment with Tob (red)
in different concentrations (4xMIC, MIC, MIC/4, up to 8 h) compared to fluorescence in pH-matched control (blue). Cultures were
pre-incubated with H2DCFDA and treated with antibiotics or control solutions with the same pH. Data are shown of a single representative
experiment. Error bars represent SEM (calculated on 3 technical replicates).
doi:10.1371/journal.pone.0159837.g010
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(S9 Fig). After treatment with Mer, which only has a minor effect on B. cenocepacia, there were
no differences in survival between the WT and the catalase deletion mutant (S9 Fig), suggesting
a correlation between ROS production and antibiotic sensitivity.
Conclusion
Our results highlight some methodological key issues to be considered when evaluating the
contribution of ROS in antibiotic mediated killing. Since not a single ideal method could be
identified, we recommend to evaluate different methods. Whether or not increased ROS pro-
duction is measured, is highly dependent on the antibiotics used and the species tested, and
even varies between biofilms and planktonic cultures. Nevertheless overall our results suggest
that ROS contribute to antibiotic mediated killing in Bcc species and that enhancing ROS pro-
duction or interfering with the protection against ROS may form a novel strategy to improve
antibiotic treatment. However, more sensitive and specific methods are needed to obtain a
complete understanding of the exact role of ROS in antibiotic mediated killing and to investi-
gate whether the production of ROS is biologically relevant.
Supporting Information
S1 Fig. % surviving cells in Burkholderia cenocepacia K56-2 biofilms and planktonic cul-
tures treated with Tob (4 x MIC) (red), Cip (4 x MIC) (orange) or Mer (4 x MIC) (green)
for 30 min, 2 h, 6 h or 24 h. Error bars represent SEM. Statistically significant differences com-
pared to untreated are indicated with an asterisk, p< 0.05, n 3.
(TIF)
S2 Fig. H2DCFDA fluorescence in treated versus untreated biofilm and planktonic cultures
of B. cenocepacia K56-2. Cultures were treated with different concentrations of H2O2
Fig 11. H2DCFDA fluorescence in treated (Tob 4 x MIC, Cip 16 x MIC, Mer 16 x MIC, 24 h) versus untreated planktonic cultures ofB.
multivorans LMG 13010,B. vietnamiensis LMG 10929,B. cepacia LMG 1222,B.metallica LMG 24068 and B. cenocepacia K56-2.
Error bars represent SEM. Statistically significant differences are indicated with an asterisk, p < 0.05, n 3.
doi:10.1371/journal.pone.0159837.g011
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ranging from 0.03 to 3%. Error bars represent SEM. Statistically significant differences are
indicated with an asterisk, p< 0.05, n 3.
(TIF)
S3 Fig. H2DCFDA fluorescence after treatment with Tob (4 x MIC, 24 h) or a pHmatched
control solution. (A) in a B. cenocepacia C5424 WT and catalase deletion mutant (ΔkatB)
planktonic culture. (B) in a B. cenocepacia LMG16656 WT and triple quorum sensing deletion
mutant planktonic culture. Error bars represent SEM. Statistically significant differences com-
pared to the WT are indicated with an asterisk, p< 0.05, n 3.
(TIF)
S4 Fig. Luminescence generated over time after treating a B. cenocepacia K56-2 oxyR:lux
promoter fusion mutant planktonic culture with 0.03% H2O2, Cip (4 x MIC), Mer (4 x
MIC) or Tob (2 x MIC) compared to luminescence in biofilms exposed to LB alone (blue).
Data are shown of a single representative experiment.
(TIF)
S5 Fig. CTB fluorescence in Burkholderia cenocepacia K56-2 biofilms after incubation with
different antioxidants. Error bars represent SEM. Statistically significant differences are indi-
cated with an asterisk, p< 0.05, n 3.
(TIF)
S6 Fig. Luminescence generated over time after treating a B. cenocepacia K56-2 oxyR:lux
promoter fusion mutant biofilm (A) and planktonic (B) cultures with Cip (4 x MIC)
(orange) or LB alone (blue) compared to luminescence in cultures exposed to Cip (4 x
MIC) in combination with an antioxidant.Data are shown of a single representative experi-
ment.
(TIF)
S7 Fig. Luminescence generated over time after treating a B. cenocepacia K56-2 oxyR:lux
promoter fusion mutant biofilm culture with 0.03% H2O2 (blue), 0.03% H2O2 in combina-
tion with PDTC (green) or 0.03% H2O2 in combination mannitol (red). Data are shown of a
single representative experiment.
(TIF)
S8 Fig. Fold change in protein carbonylation between treated and untreated planktonic cul-
tures of B. cenocepacia K56-2. Error bars represent SEM. Statistically significant differences
are indicated with an asterisk, p< 0.05, n 3.
(TIF)
S9 Fig. % surviving cells in a B. cenocepacia C5424WT and catalase deletion mutant
(ΔkatB) planktonic culture after 24 h of treatment with with Cip (4 x MIC) or Mer (4 x
MIC). Error bars represent SEM. Statistically significant differences compared to the WT are
indicated with an asterisk, p< 0.05, n 3.
(TIF)
S1 Table. Antioxidants: Mic and concentrations used.
(TIF)
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